The first goal of this study was to investigate the accuracy of the displayed reference plane air kerma (K a,r ) or air kerma-area product (P k,a ) over a broad spectrum of X-ray beam qualities on clinically used interventional fluoroscopes incorporating air kerma-area product meters (KAP meters) to measure X-ray output. The second goal was to investigate the accuracy of a correction coefficient (CC) determined at a single beam quality and applied to the measured K a,r over a broad spectrum of beam qualities. Eleven state-of-the-art interventional fluoroscopes were evaluated, consisting of eight Siemens Artis zee and Artis Q systems and three Philips Allura FD systems. A separate calibrated 60 cc ionization chamber (external chamber) was used to determine the accuracy of the KAP meter over a broad range of clinically used beam qualities. For typical adult beam qualities, applying a single CC determined at 100 kVp with copper (Cu) in the beam resulted in a deviation of < 5% due to beam quality variation. This result indicates that applying a CC determined using The American Association of Physicists in Medicine Task Group 190 protocol or a similar protocol provides very good accuracy as compared to the allowed ± 35% deviation of the KAP meter in this limited beam quality range. For interventional fluoroscopes dedicated to or routinely used to perform pediatric interventions, using a CC established with a low kVp (~ 55-60 kVp) and large amount of Cu filtration (~ 0.6-0.9 mm) may result in greater accuracy as compared to using the 100 kVp values. KAP meter responses indicate that fluoroscope vendors are likely normalizing or otherwise influencing the KAP meter output data. Although this may provide improved accuracy in some instances, there is the potential for large discrete errors to occur, and these errors may be difficult to identify.
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Units and Measurements (ICRU) has recommended that uncertainty should be within 7% for radiation dose quantities in diagnostic imaging, a seemingly impossible task without correcting for the allowed inaccuracy of the displayed K a,r . (4) The accuracy and variability of stand-alone air kerma-area product (KAP) meters have been investigated by various groups since these meters came into common use a couple of decades ago. (5) (6) (7) (8) Toroi et al. (8) investigated the response of various standalone KAP meters over a range of X-ray beam qualities, varying both the kVp and filtration. The results indicated that the correction coefficients (CCs) decrease as a function of increasing kVp from 40 kVp through 90 kVp; beyond that, the coefficient response was generally flat. The coefficients also decreased with increasing beam hardness (larger amounts of filtration) at a given kVp. These reports suggest that the standalone KAP meters evaluated generally have a higher response (lower calibration coefficient) as the beam quality is increased. However, these investigations were performed on standalone KAP meters that functioned independently of the fluoroscopic systems. Over the last decade, KAP meters have been integrated into the fluoroscopic assembly, with their measurements displayed alongside other fluoroscopic technical parameters. How these measurements are integrated, and the effect of no longer having a fully independent measuring system, have not been investigated.
Additionally, the American Association of Physicists in Medicine (AAPM) established a Task Group (TG-190) to define a protocol for determining and implementing CCs for a wide variety of X-ray equipment, including C-arm fluoroscopes used for interventional procedures. The TG-190 report, titled "Accuracy and calibration of integrated radiation output indicators in diagnostic radiology: a report of the AAPM Imaging Physics Committee Task Group 190," (9) provides standardized protocols including system geometry and recommended fluoroscope settings for determining a CC. Specifically for C-arm fluoroscopes used for interventional procedures, TG-190 recommends:
1. Free in-air geometry 2. Measurement by an external dosimeter situated at the isocenter of the C-arm 3. Testing of acquisition and fluoroscopy modes within a routine clinical examination set 4. 100 ± 10 kVp as the reference kVp 5. Maximum source-to-image receptor distance (SID)
For the present study, there were two primary purposes. The first was to determine the accuracy of the displayed K a,r or P k,a over a broad spectrum of X-ray beam qualities on clinically used interventional fluoroscopes with integrated KAP meters to measure X-ray output. The second purpose was to investigate the accuracy of using a CC determined at a single beam quality and applying that CC to a broad spectrum of beam qualities, as suggested by TG-190.
II. MATERIALS AND METHODS
This investigation was limited to interventional C-arm fluoroscopes using KAP meters (also known as DAP meters, AKAP meters or diamentors) to measure P k,a and/or K a,r . Eleven stateof-the-art interventional fluoroscopes were evaluated, including Siemens (Siemens Healthcare, Erlangen, Germany) Artis zee and Artis Q systems and Philips (Philips, Best, Netherlands) Allura FD systems. All units evaluated were fixed C-arm type fluoroscopes with flat-panel digital image receptors. A Radcal (Radcal Corporation, Monrovia, CA) Accupro dosimeter with calibrated Radcal 10 × 6-60 (60 cc) ionization chamber (external chamber) was used to evaluate the accuracy of the KAP meter. The C-arm was positioned with the X-ray tube near the floor and the image receptor above, the typical orientation for posteroanterior projections with a supine patient. No objects (including the procedure table and pad) were in the path of the X-ray beam; the IEC standard for the indicated air kerma or air kerma-area product of these fluoroscopes specifies free in-air geometry without the procedure table present. The external chamber was mounted off the end of the procedure table, at or near the isocenter of the C-arm, with an SID of 100 cm or greater (Fig. 1) . A lead plate was used to cover and protect the image receptor during irradiation, but this plate was located sufficiently far away from the external chamber to prevent scatter radiation from affecting the measurements. A radiopaque ruler was used to measure the linear dimensions of a collimated square X-ray field, which was set to approximately 10 × 10 cm in the plane of the external chamber.
On each fluoroscopic system, three measurements were made at each available spectral filter (copper [Cu]) thickness for kVps ranging from 55 through 125 in 10 kVp increments and at 100 kVp (the TG-190 reference kVp). To accomplish this, the vendor service mode (Siemens) or service assistance (Philips) was required to set fixed radiographic techniques. The P k,a measured by the KAP meter and the incident air kerma (K a,i ) measured by the external chamber were recorded for each exposure. The K a,i measurements from the external chamber were multiplied by the X-ray beam area, yielding a P k,a,ex that was divided by the P k,a measured by the KAP meter, providing a correction coefficient (CC):
where K a,i is the incident air kerma measured by the external ion chamber, A is the area of the X-ray beam in the plane of the external ion chamber, and P k,a is the air kerma-area product reported by the fluoroscope. In addition to CCs, normalized correction coefficients (NCCs) were determined by taking the CCs at each beam quality and normalizing them to one of the CCs determined at 100 kVp (the TG-190 reference kVp) with different filtration thicknesses: where i and j represent the kVp and Cu filtration thickness (mm), respectively. The NCCs provide an estimated deviation for using the 100 kVp CC instead of the CC at each specific beam quality.
III. RESULTS
Figures 2(a) and 2(b) show the average CCs for each of the vendors at each beam quality.
The reported values should not be used for any quantitative or clinical application; they are provided strictly to portray the trend of the CCs at each kVp as filtration is increased. There was significant intersystem variability in the CCs; Fig. 3 shows this variability for the eight Siemens systems at 55 kVp. However, as illustrated by the error bars in Fig. 3 , the intrasystem variability of the three measurements made at each beam quality was very small, and the trend of CCs for each vendor with increasing beam quality was consistent. Although not shown, the Philips systems exhibited similar inter-and intrasystem variability. 
IV. DISCUSSION AND CONCLUSION
A primary goal of this study was to investigate the accuracy of applying a CC determined at a single beam quality, such as that established by AAPM TG-190, to a broad spectrum of beam qualities on interventional C-arm fluoroscopes. In this regard, two primary conclusions can be drawn from the data acquired. First, for typical adult beam qualities, applying a single CC determined at 100 kVp with Cu in the beam results in a deviation of less than 5% due to beam quality variation. Figures 7(a) and 7(b) illustrate the NCC 100,0.1 (i,j) for a typical range of beam qualities used during adult fluoroscopic imaging (65-105 kVp; 0.1-0.6 mm of Cu). This indicates that applying a CC determined using the TG-190 (or similar) protocol provides very good accuracy as compared to the allowed ± 35% deviation of the KAP meter in this limited beam quality range typically used for adult imaging.
Secondly, for pediatric interventions in children without an adult body habitus, typical beam qualities incorporate low kVp values (~ 55 kVp) and large amounts of spectral filtration (0.4-0.9 mm of Cu). Figures 4(a) and 4(b) indicate that for these beam qualities, the NCC 100,0.1 (i,j) deviates an average of 7% and 12% for the Siemens and Philips units, respectively. For interventional fluoroscopes dedicated to or routinely performing pediatric interventions, using a CC established with a low kVp (~ 55-60 kVp) and large amount of Cu filtration (~ 0.6-0.9 mm) may result in better accuracy as compared to using a CC determined at 100 kVp.
The stark difference in CCs for the two vendors (Figs. 1(a) and 1(b)) is surprising, as the KAP meters used by both Siemens and Philips for the fluoroscopes evaluated were manufactured by the same vendor, PTW (PTW-Freiburg GmbH, Freiburg, Germany). In fact, the change in CCs with increasing beam quality (for beam qualities incorporating Cu) was inverse between Philips and Siemens. For the Philips systems, the CCs decreased with increasing beam quality (similar to previous reports), (8) whereas for the Siemens systems, the CCs increased with increasing beam quality. Both the Philips and Siemens systems exhibited a convergence of the CCs at a given beam quality, something not reported by others who have investigated standalone KAP meter responses. (5) (6) (7) (8) These results indicate that the fluoroscope vendors are likely normalizing or otherwise influencing the KAP meter output data. Even if the purpose is to increase the accuracy of the reported radiation quantities, modification of the raw KAP meter measurements presents opportunities for large isolated deviations, which could easily go undetected. The authors have seen, in unrelated fluoroscope testing, a fluoroscope on which an individual protocol setting resulted in a deviation of approximately 80% compared to all other settings (deviation only occurred during a 30 pps acquisition, and no other setting produced a similar magnitude of error); this appeared to be a lookup-table (LUT)-based error and was only discovered by chance. Modification of the KAP meter data by the fluoroscope vendor allows for potentially large discrete errors to occur, and these errors may be nearly impossible for the end user or clinical physicist to identify. Vendors should clearly state what correction factors are being applied to the KAP meter (or provide access to view the LUTs) so that erroneous values may be identified more readily.
The use of a single CC across a wide spectrum of beam qualities can be successfully achieved, greatly improving the accuracy of the displayed K a,r as compared to the ± 35% deviation allowed by regulations. The CCs are necessary for calculating peak skin dose estimates or for determining and comparing procedure reference dose levels. Without accounting for these deviations, it should be assumed that there is significant variability in the procedure K a,r or P k,a . The AAPM TG-190 protocol should be widely adopted and included as part of all fluoroscope acceptance and annual testing, with the resultant CCs included in all fluoroscopic testing reports.
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